Introduction
Microprobe U-Pb geochronological techniques are particularly useful in resolving the often complex geological evolution of high-grade rocks, as these techniques allow discrete domains of minerals to be dated by either chemical (e.g. electron microprobe analysis, EMPA) or isotopic (e.g. secondary ion mass spectrometry, SIMS) methods. Thermally robust minerals, such as zircon and monazite, within granulite-facies rocks often preserve cores that contain information as to the nature and age of the protolith. In metasedimentary rocks, these cores can be used to constrain the depositional age of the protolith and shed light on the source region of the original sediment (e.g. Collins et al. † Author for correspondence: alan.collins@adelaide.edu.au 2003) . In this paper, we analyse zircons and monazites from metasedimentary rocks in southern India to constrain their age, examine possible provenance regions and address the implications of these data for the amalgamation of this part of Gondwana.
The southern part of the high-grade metamorphic terrain of southern India comprises a vast supracrustal belt originally known as the Kerala Khondalite Belt (Chacko, Ravindra Kumar & Newton, 1987) , but more recently referred to as the Trivandrum Block (Santosh, 1996) (Fig. 1 ), which contains a sequence of psammitic, psammopelitic and pelitic metasedimentary rocks and local orthogneisses that have been subjected to high-grade metamorphism under granulite-facies conditions. The dominant rock types in this belt are garnet-and sillimanite-bearing metapelitic granulites (khondalites) with or without cordierite, spinel and graphite. The metapelites are intercalated with varying amounts of garnet-biotite gneiss (leptynite), garnet-and orthopyroxene-bearing anhydrous granulites (charnockites and enderbites) and subordinate bands, boudins and lenses of pyroxene granulite and calc-silicate rocks. High-grade metamorphism and granulite formation in the Trivandrum Block are linked to the late Neoproterozoic-Cambrian tectonothermal event associated with the birth of the Gondwana supercontinent (Stern, 1994; Meert & Van der Voo, 1997; Collins & Windley, 2002; Braun & Kriegsman, 2003; Meert, 2003; Santosh et al. 2003; Collins & Pisarevsky, 2005) .
The Trivandrum Block has been the focus of various geological, petrological, isotopic and geochronological investigations for nearly two decades (for a recent review, see Braun & Kriegsman, 2003) . Much research has been focused on cordierite, sillimanite and spinelbearing metapelite assemblages commonly found in this terrain that provide important clues to the pressuretemperature conditions and exhumation history of the region (e.g. Santosh, 1987; Santosh, Jackson & Harris, 1993; Nandakumar &Harley,2000; Cenki,Kriegsman& Braun, 2002) . In this context, the Chittikara Quarry [N08
• 36 31.8 E76
• 53 54.6 ] located about 15 km north of Trivandrum (Fig. 1 ) has attracted particular interest (Santosh, Jackson & Harris, 1993; Santosh & Wada, 1993a,b; Morimoto et al. 2004) .
In this study, we report results from U-Th-Pb age dating of zircon and monazite from the Chittikara metapelite and garnet-biotite gneiss, using both electron probe microanalysis (EPMA) and Secondary Ion Mass Spectrometry (SIMS) techniques, in order to investigate the source characteristics of the metasedimentary gneisses and attempt to date the metamorphic history of this key region of southern India.
Geological background, petrology and P-T conditions
At Chittikara, a large active quarry provides fresh exposures of granulite-facies metapelites. The rocks predominantly comprise garnet-sillimanite-spinelcordierite-bearing metapelites that occur as bands of varying width ranging from a few centimetres to more than 2 m intercalated within garnet-and biotite-bearing felsic gneisses. They are deformed into tight isoclinal folds and rootless intrafolial folds. Cordierite occurs along the compositional layers and also as large purple crystals. Graphite occurs in a variety of associations in this locality. Thin flakes and fine disseminated graphite within the metapelite bands represent the conversion of biogenic material trapped within host sediments during high-grade metamorphism as indicated by their carbon isotope composition (Santosh & Wada, 1993a) . Coarse flakes and flaky aggregates of graphite occurring with patches, veins and late shears/fractures have isotopic compositions characterized by enrichment in heavier carbon indicating precipitation from magmatically derived CO 2 -rich fluids (Santosh & Wada, 1993b) .
The most common assemblage of the Chittikara metapelite is Grt + Sil + Crd + Spl + Kfs + Bt + Qtz + Pl + Gr with accessory zircon and monazite (mineral abbreviations are after Kretz, 1983) . Aluminous melanosomes are characterized by the assemblage Grt + Sil + Crd + Bt + Kfs ± Spl ± Ilm ± Gr, and alternate with felsic leucosomes containing mostly Kfs + Qtz + Bt + Pl. Zircon (100-250 µm) and monazite (up to 300 µm) occur mostly as inclusions within garnet and cordierite. Plagioclase and K-feldspar also sometimes carry zircon and monazite inclusions. Rarely, zircon and monazite also form inclusions within spinel and sillimanite. Morimoto et al. (2004) identified a series of mineral reaction textures in the Chittikara metapelite that they used to calculate metamorphic temperatures between 850
• C and 1000
• C at pressures of ∼ 7 kbar. Based on textural mineral reaction and pressure-temperature data, Morimoto et al. (2004) proposed a P-T path for the metapelite that is characterized by an initial isobaric component, followed by a steep and virtually isothermal decompression from 7 kbar down to 4 kbar.
Sample preparation and analytical techniques
The theoretical concepts of EPMA dating technique followed in this study and the equations for age computations are described in detail in Suzuki & Adachi (1991 , Montel et al. (1996) and Santosh et al. (2003) .
Fresh rock chips were crushed into fine fractions in a stainless-steel stamp mill. Powdered samples (< 100 µm mesh size) were cleaned using water to remove the dust particles, and then dried in an oven. The magnetic minerals were then removed using a hand magnet. Heavy fractions were separated by methylene iodide, mounted on glass slides using epoxy resin, and diamond polished. Polished grain mounts were used for the study of grain characteristics and EPMA analyses. Samples for SIMS analysis were mounted in epoxy resin and coated with gold. They were imaged using a cathodoluminescence (CL) detector fitted to a Phillips XL30 scanning electron microscope at a working distance of 15 mm and using an accelerating voltage of 10 kV. The resulting images highlight distortions in the crystal lattice (Stevens Kalceff et al. 2000) that are related to trace-element distribution and/or radiation damage (Rubatto & Gebauer, 2000) .
Chemical analyses were made using an electron microprobe (JEOL JXA-8800) at the National Science Museum, Tokyo, Japan, with a 15 kV accelerating voltage, 0.5 µA probe current (0.2 µA for monazite), 2 µm probe diameter and 200-300 seconds counting time for U, Th and Pb. PRZ corrections (modified ZAF) were applied for the analyses. U, Th and Pb standards were synthesized γ-UO 3 , ThO 2 and natural crocoite (PbCrO 4 ), respectively. Natural and synthesized minerals were used as standards for other elements. Seven elements (Si, Zr, Y, Hf, U, Th, Pb) for zircon and 14 elements (P, Si, La, Ce, Pr, Nd, Sm, Gd, Dy, Y, U, Th, Pb, Ca) for monazite were analysed. UMα, ThMα, PbMα lines were used in the U, Th and Pb analyses, respectively, and the spectral interferences of the ThMζ, YLχ and ZrLγ lines with the PbMα line, and the ThMβ line with the UMα line were corrected. Age calibrations were performed by comparing data obtained from zircons and monazites by EPMA dating with those generated by the SIMS technique using the Sensitive High-mass Resolution Ion Microprobe (SHRIMP). Apart from minor shifts due to machine drift and standard conditions, the ages obtained from both techniques were found to be within error. Internal age standards used were a 994 ± 5 Ma zircon from an Antarctic rock analysed by SHRIMP and a 3019 ± 4 Ma monazite from Australia. The latter is the SHRIMP age of the coexisting zircon. Both internal standards were routinely analysed before and after the analyses of unknown samples.
The error (1-sigma confidence level) of age measurements for each zircon analysis includes instrumental counting statistics only, and is approximately 3 % at PbO = 0.05 wt % to c. 10 % at PbO = 0.02 wt % level. Least-squares fitting was applied to calculate the ages by linear regression, assuming each dataset belongs to a single zircon-forming event. EPMA zircon analyses are less precise than EPMA monazite analyses because of the low levels of Pb commonly found in zircon, and may be less accurate due to the greater likelihood of undetectable common Pb in the zircon grains.
Zircon U-Th-Pb isotopic data were collected using the SHRIMP II based in the John de Laeter Centre of Mass Spectrometry, Perth, Western Australia. The sensitivity for Pb isotopes in zircon using SHRIMP II was ∼ 18 cps/ppm/nA, the primary beam current was 2.5-3.0 nA and mass resolution was ∼ 5000. Correction of measured isotopic ratios for common Pb was based on the measured 204 Pb in each sample and often represented a < 1 % correction to the 206 Pb counts (see %com.
206 Pb in Table 3 ). The common Pb component, being largely surface contaminant, was modelled on the composition of Broken Hill ore Pb (Cooper, Reynolds & Richards, 1969) .
Pb/U isotopic ratios were corrected for instrumental inter-element discrimination using the observed covariation between Pb + /U + and UO + /U + (Hinthorne et al. 1979; Compston, Williams & Meyer, 1984) determined from interspersed analyses of the Perth standard zircon CZ3. CZ3 is a single zircon megacryst from Sri Lanka with an age of 564 Ma and 206 Pb/ 238 U = 0.0914 (Nelson, 1997) .
Results
U-Pb electron probe analytical data on zircons and monazites from the metapelite sample along with the calculated ages and errors are given in Tables 1 and 2 . Where PbO content in zircon is too low (< 0.02 ppm) to obtain U-Th-Pb age within reasonable error level, these have been discarded from age calculations. SHRIMP U-Th-Pb isotopic data are provided in Table 3 .
4.a. Morphology, backscattered electron and cathodoluminescence response
Zircon and monazite are common accessories in the Chittikara metapelites. Zircon grains show a size range of 100-250 µm and exhibit different grain morphologies ranging from euhedral crystals to subhedral, sub-rounded and rounded (Fig. 2) . The relatively brighter portions under backscattered electron imaging (BEI) indicate chemically homogeneous domains. Oscillatory zoning is displayed by some grain cores (Fig. 2a, b, d, g, h) . The cores are either subhedral (Fig. 2a, g, h) or sub-rounded (Fig. 2b ). These detrital cores are mantled by multiple rims of various thicknesses indicating formation of either successive overgrowths or complex diffusion/recrystallization fronts during successive tectonothermal regimes. Some zircons show sub-rounded or rounded grain margins with homogeneous cores that do not display visible growth zones (Fig. 2c) , although a younger mantle envelops the cores. The rounding of the grain cores suggests that they experienced sedimentary transport, but may in part be due to diffusion-driven solid-state recrystallization fronts (e.g. Hoskin & Black, 2000) .
Backscattered electron images of representative monazite grains from Chittikara are shown in Figure 3. Monazite grains from the metapelite range in size from 100 to 300 µm. The grain outlines are subhedral to anhedral, although they incorporate core portions with variable morphology. Thus, rounded to subrounded cores (Fig. 3a , b, e) as well as subhedral cores (Fig. 3c, g ) are present. In some cases, apparent oscillatory zoning occurs (e.g. Fig. 3d, g ). However, most of the zoning patterns in the Chittikara monazites are of successive irregular mantles overgrown on variable cores. Some of the intermediate zones in such cases resemble diffusion/recrystallization fronts between the inner core and outer mantle (e.g. Fig. 3e ). From grain morphology and internal growth patterns of monazites in Chittikara, it can be inferred that while some grains formed from a single thermal event, others possess the history of multiple source regions, more than one tectonothermal regime or subsequent alteration by hydrothermal alteration. Figure 2 shows the age values in the various zones within zircon grains computed from electron probe data. In general, there is a trend of decreasing age from core to rim of individual grains, except in cases where there has been local metamictization or probable diffusion induced by high-temperature fluids propagating through cracks such as the isolated younger core values in the grain shown in Figure 2d . Zircon core analyses indicate dates back to 3070 Ma (Table 1, Fig. 2f ) although the majority of data provide apparent ages between 1500 and 2500 Ma with a prominent peak at 2109 ± 22 Ma (Fig. 4) . The subrounded zircon in Figure 2e -f has the oldest relict core identified in this study with an age range between 2500-3070 Ma. This grain incorporates three tiny core fragments (seen as the relatively brightest portions in the BEI image, Fig. 2e ), which are enveloped by a thick zone with ages ranging from 1380 to 1520 Ma (Table 1, Fig. 2f ). This is in turn mantled by a thin rim with apparent ages in the range of 530 to 600 Ma. This grain clearly indicates the multiple growth history of zircons in the Chittikara metapelites and shows that some grains were originally derived from Archaean sources. Importantly, some of the zircons are characterized by homogeneous and rounded cores with late Neoproterozoic ages (e.g. Fig. 2c ). This may indicate that deposition within the Trivandrum Block was as young as, or later than, 610 Ma. These grains have an outermost rim with early Cambrian ages, indicating metamorphic overgrowth at this time. Isotopic analysis and more textural work is required to further confirm a Neoproterozoic depositional age.
4.b. Age data
The cores of monazites in Figure 3a -b show Palaeo-Mesoproterozoic ages and are mantled by late Neoproterozoic/Cambrian rims. The grain core shown in Figure 3c preserves ∼ 635-590 Ma apparent ages and is rimmed by monazite with apparent ages > 25 Ma younger. The relatively homogeneous grain in Figure 3d shows no marked age variation and does not display a pronounced compositional rim. We suggest that this grain formed, or was chemically reset, during a single thermal event at 557-579 Ma. The grains shown in Figure 3e -h clearly bring out two contrasting monazite growth periods. The grain shown in Figure 3e and f has a Palaeo-Mesoproterozoic dark core (1759-1967 Ma, zone 'a' in the sketch), which is mantled by a late Neoproterozoic rim (562-563 Ma, zones 'b' and 'c' in the sketch). An outermost thin Cambrian rim (515 Ma, zone 'd' in the sketch) envelops the grain. The highly irregular boundaries between some of the compositional/apparent age zones in Figure 3 (e.g. between zones a and b in Fig. 3f ) suggest that the rims formed, at least partially, by chemical transformation of pre-existing monazite by either: (1) diffusive element advection; (2) diffusion-driven solid-state recrystallization; or (3) dissolution/re-precipitation. The sharply defined outer late Neoproterozoic and Cambrian rims probably represent newly precipitated monazite on a dissolution surface (e.g . Fig 3f, zones c and d; Fig 3h,  zone c) . Similar complex rims to monazites are widely reported and have been explained in terms of punctuated stability of monazite in an evolving metamorphic environment (Spear & Pyle, 2002) . PbO v. ThO * 2 plots of zircons (Fig. 5) show polymodal distribution, consistent with a diverse origin. However, in the case of monazite, the PbO v. ThO * 2 plots define broad isochrons, with the cores of grains indicating an imprecise age of 1913 ± 260 Ma (Fig. 5a ) with an MSWD of 0.80. The late Neoproterozoic/Cambrian cores, as well as rims, define a clear isochron (Fig.  5b) with an age of 557 ± 19 Ma (MSWD = 0.82). Compiled probability density plots of ages from zircons and monazites are shown in Figure 4 . Zircons show a clustering of apparent ages between 1900 and 2300 Ma, a number of analyses with apparent Mesoproterozoic ages and a relatively precise peak at 567 ± 31 Ma. The monazite data produce a prominent late Neoproterozoic peak at 562 ± 3 Ma with some PalaeoMesoproterozoic apparent ages and some Cambrian apparent ages. The probability density plots bring out comparable Palaeo-Mesoproterozoic and Late Neoproterozoic/Cambrian apparent age concentrations for both Chittikara zircons and monazites.
SHRIMP U-Pb isotopic data from a Chittikara garnet-biotite gneiss (leptynite) are presented in Figure 6 . The analysed zircons have very distinct highly luminescent cores and poorly luminescent rims (Fig.  2g, h ). The combined core/rim data fall along an imprecise discordia line between 2106 ± 37 Ma and 524 ± 150 Ma. An evaluation of 207 Pb/ 206 Pb ages from analyses > 90 % concordant yield a weighted mean of 2099 ± 21 Ma (2σ error, MSWD = 1.5). Poorly luminescent rims have Th/U ratios < 0.1 and are amongst the most discordant analyses (Table 3, Fig. 6 ), suggesting these rims formed by diffusion-driven solidstate recrystallization of pre-existing zircon rather than precipitation of new zircon on a pre-existing core. The partial Pb-loss suggests that Th expulsion was more efficient than Pb expulsion during recrystallization. Combined, the data suggest that zircons within the Chittikara garnet-biotite gneiss represent one period of Palaeoproterozoic zircon formation that later partially and non-uniformly lost Pb during the late Neoproterozoic/Cambrian tectonothermal event.
Discussion
The blocking temperature of Pb in monazite is > 900
• C (Cherniak & Watson, 2001; Harrison, Catlos & Montel, 2002) . Petrological studies and pressure-tem- perature computations of metapelites from Chittikara (Morimoto et al. 2004) indicate that the peak metamorphic temperatures exceeded 1000
• C, that is, close to the theoretical closure temperature for Pb in monazite. The incomplete resetting of monazite suggests that either the closure temperature of Pb in monazite was higher than the maximum temperature experienced by the rocks, or that robust minerals such as garnet shielded the older cores during later thermal regimes. Bindu, Yoshida & Santosh (1998) and Braun, Montel & Nicollet (1998) also observed similar cases of monazites with apparent Palaeo-Mesoproterozoic ages as well as a dominant population with late Neoproterozoic/Cambrian apparent ages.
The similarity in concordant zircon ages from the garnet-biotite gneiss (2099 ± 21 Ma) and the maximum metapelite zircon EMPA population peak (2109 ± 22 Ma) suggest that both lithologies were either sourced from the same region, or experienced the same tectonothermal event. As discussed above, the zircon morphology in the metapelite samples suggests that the cores experienced sedimentary abrasion. It therefore seems reasonable to suggest that both lithologies were deposited after Palaeoproterozoic time and were sourced from an Archaean/Palaeoproterozoic region. The younger Palaeoproterozoic and Mesoproterozoic apparent ages obtained from the metapelite may represent partial Pb loss in older zircon as seen in the garnet-biotite gneiss isotopic data. However, multiple analyses from single grains show that in many cases homogeneous older rounded cores are surrounded by younger zircon (e.g. Fig. 2c ) suggesting that Pb loss may not explain all of these ∼ 1900-600 Ma apparent ages and that some probably reflect Neoproterozoic zircon formation. In addition, the significant population of pre-∼ 2100 Ma EMPA apparent ages is hard to explain with a single source model, as zircons do not commonly display the extreme reverse discordance (unobservable in EMPA dating) needed to produce such a result. Instead, the most likely explanation is that these analyses represent older zircons preserved in the pelitic protolith, with heterogeneous detrital sources, whereas the more arenaceous protolith to the garnetbiotite gneiss was sourced from a single-aged terrane. Bindu, Yoshida & Santosh (1998) were the first to analyse monazite grains from the Chittikara metapelite using the electron probe technique. In their study, they measured U, Th and Pb in two monazite grains in thin section occurring as inclusions within garnet and computed the ages from cores and rims of the grains. The ages obtained range from ∼ 2000-1700 Ma for the cores and ∼ 590-520 Ma for the rims. The age values obtained by Bindu, Yoshida & Santosh (1998) are identical to the results obtained from monazites in the present study (cf. Fig. 7a) . Braun, Montel & Nicollet (1998) analysed monazites from various rock types from the supracrustal belt of southern Kerala and statistical treatment of the age data revealed age populations at 1900 Ma, 580 Ma and 470 Ma. They also obtained several ages between 1700 and 800 Ma which they considered as geologically insignificant. The peak ages of the major monazite populations in the Braun, Montel & Nicollet (1998) and UO2, required to eliminate variations in radiogenic Pb production due to variations in the Th/U ratio (Suzuki & Adachi, 1991) . Indicative isochrons are plotted in (a) to illustrate a possible Palaeoproterozoic population of ages and in (b) as a reference through the diverse Palaeoproterozoic analyses and to illustrate the well-constrained age of the Neoproterozoic rims. study is closely comparable to the present results. Braun, Montel & Nicollet (1998) correlated the PalaeoMesoproterozoic ages with the 2000-2700 Ga SmNd model ages reported by Choudhary et al. (1992) and Brandon & Meen (1995) and interpreted them to reflect the time of first monazite growth, concluding that this provides an upper limit for the deposition of the sedimentary protoliths of the paragneisses in southern Kerala. Braun, Montel & Nicollet (1998) and Bindu, Yoshida & Santosh (1998) did not analyse zircons. In the present study we observed that some of the zircon grains in the Chittikara metapelites are characterized by Figure 6 . Concordia plot of U-Pb isotopic data from a garnetbiotite gneiss from Chittikara Quarry. homogeneous rounded cores with late Neoproterozoic ages (e.g. Fig. 2c , with core ages of 610-640 Ma). We interpret this to mean that sedimentation within the Trivandrum Block was as young as or later than 610 Ma. These grains have an outermost rim with Cambrian apparent ages, suggesting metamorphic overgrowth at this time.
Recently, Santosh et al. (2003) reported zircon and monazite U-Pb electron probe ages from the various granulite blocks in southern India, including the Trivandrum Block. We show in Figure 7b the results on monazites in garnet-biotite gneisses and metapelites analysed by Santosh et al. (2003) and compare these with the results reported in the present study. As seen from the histograms, both studies clearly identify the prominent 500-550 Ma peak ages, correlating with the high-grade metamorphic event in the Trivandrum Block.
Much of the high-grade metasedimentary rocks in the southern Indian/Madagascar part of Gondwana that were traditionally thought to have been deposited in Archaean or Early Proterozoic times have recently been re-interpreted as Neoproterozoic rocks based on combined SIMS U-Pb geochronology and textural analysis (de Wit et al. 2001; Collins et al. 2003; Collins & Santosh, 2004; Cox et al. 2004; Kinny, Collins & Razakamanana, 2004) . Quartzites and garnet-biotite gneisses from the Madurai block, directly north of the Trivandrum Block preserve concordant detrital zircon cores as young as 650 ± 15 Ma Figure 7 . Histograms of age data from monazites at Chittikara compared with: (a) monazite age data from Bindu, Yoshida & Santosh (1998) and (b) Santosh et al. (2003) .
that constrain deposition to be between this date and 525 ± 19 Ma, the age of metamorphic rims (Collins & Santosh, 2004) . Santosh et al. (in press) suggested that metasedimentary rocks within the Nagercoil Granulites that form the southernmost tip of peninsular India were also Neoproterozoic and may well be lateral equivalents of Neoproterozoic southern Malagasy metasedimentary rocks. The data presented here are consistent with this correlation and suggest that: (1) the Nagercoil granulites are related to the metasedimentary rocks of the Trivandrum Block, and (2) the newly discovered Neoproterozoic metasedimentary rocks of southern India may form part of an extensive late Neoproterozoic sedimentary basin that formed during the final amalgamation of Gondwana.
